Introduction
Since Wilkinson's discovery that through addition of phosphorus ligands rhodium-catalyzed hydroformylation can be performed at lower temperatures and pressures, 1 much research has been done to develop ligands that increase the rate and the regioselectivity of the reaction. During the last several years it has become apparent that these improvements can be effected with bidentate ligands, and research has concentrated on chelating ligands such as diphosphines, ether-phosphane ligands, and diphosphinite ligands. 2 Chiral diphosphines proved to be applicable in the rhodium-catalyzed enantioselective hydroformylation of prochiral substrates. 3 A general problem of these ligands is their sensitivity toward oxidation. Phosphite ligands, however, are relatively inert toward oxidation and easy to synthesize. Recently we found that the rhodium catalyst precursor modified by a bulky monophosphite increased the reactivity enormously, but a moderate regioselectivity was obtained. 4 From patents and recent literature 5 it is known that bulky diphosphites give rise to very selective hydroformylation catalysts. We suggested earlier that the regioselectivity in the hydroformylation of unsubstituted 1-alkenes is caused by an equatorial-equatorial (ee) coordination of both the phosphorus atoms. 6 This coordination would be induced by a natural bite angle of the diphosphite of approximately 120°, as was hypothesized by Casey et al. for diphosphine ligands. 2a Recently, the first studies of asymmetric rhodium-catalyzed hydroformylation with chiral diphosphite ligands were published. 7 Although no data on the mechanistic and kinetic behavior of catalysts modified by bidentate ligands are as yet available, it is commonly accepted that the mechanism for the cobalt-catalyzed hydroformylation as postulated by Heck and Breslow 8 can be applied to ligand-modified rhodium carbonyl as well. It is also assumed that the addition of the alkene to the hydrido-rhodium complex or one of the early migration steps is the rate-limiting step. Kinetic studies indicate the same for the triphenylphosphine-modified system. 9 These studies are in contrast with the persisting assumption 10 that the H 2 addition is the rate-determining step. This was found by Wilkinson who studied the rhodium triphenylphosphine catalyst at low pressures (<1 bar). 1c Under higher pressures that are more comparable to real process conditions the alkene addition becomes rate limiting. Recently Gladfelter concluded that the regioselectivity of the product aldehyde was not determined during the alkene insertion, but these results were obtained under mass transfer limiting conditions. 11 We started a fundamental study of the influence of the structure of various diphosphites on the rhodiumcatalyzed hydroformylation reaction. We tested some of the diphosphites that were recently reported by the Union Carbide Co. (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 5a (Chart 1) as modifying ligands in the hydroformylation of oct-1-ene and styrene and compared the rates and product selectivities. With 4 a kinetic study was performed involving the influence of several reaction parameters on the rate and selectivity of the hydroformylation of oct-1-ene. We elucidated the structure of several of the catalysts under process conditions in order to find a relationship between the structure and the catalytic and kinetic performance. To gain information on possible intermediates and to propose a mechanism for the formation of the active catalyst complex, we studied the reaction of the precursor and the ligands with and without addition of syngas pressure and characterized the formed complexes spectroscopically.
Results and Discussion
Hydroformylation of Oct-1-ene and Styrene. Oct-1-ene. The hydroformylation of oct-1-ene with rhodium catalysts containing the bulky diphosphites 1-5 occurs with a regular reaction rate (average rate ≈ 2500 mol (mol of Rh) -1 h -1 , T ) 80°C, 0.4 mM Rh, PP/Rh ) 20, 20 mmol of oct-1-ene in 20 mL of toluene; see Table 1 ) and a very high selectivity for the linear aldehyde (up to a normal/branched ratio of 48 for 5). The amount of isomerized oct-1-ene varied from 0% (2-4) to 23% (1) . Variation of the para substituent on the phenyl ring on the less bulky phosphorus atom (P 2 ), in order to modify the electron-donating ability, appears to be of little or no influence on the rate and the regioselectivity. Diphosphites 8 and 9, with only bulky groups on the bridge between the two phosphorus atoms, give rise to even more selective catalysts (no branched aldehydes were detected for 8) although the isomerization rate is high (18 and 26.5%, respectively) . Recently high isomerization rates were also reported by Gladfelter 11 under mass transfer limiting conditions. The lack of isomerization found with 2-4 is probably a consequence of a faster CO addition and subsequent migration compared to -H elimination under our reaction conditions. Buchwald found no isomerization in the rhodium-catalyzed hydroformylation of a variety of Am. Chem. Soc. 1992 , 115, 2066 -2068 
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alkenes with 8 as ligand, but these experiments were performed at room temperature. 5d Addition of the diphosphites with flexible alkyl bridges, 6 and 7, results for 6 in an increase of the reaction rate with a factor of 3 (11 100 mol (mol of Rh) -1 h -1 ), but the regioselectivity decreases enormously (normal/branched (n/b) ) 1.6). Diphosphite 10, less bulky than 1-5, and in contrast with 6 and 7 containing a rigid bridging group, gives both a low product linearity and a low reaction rate. The rigid diphosphites show rates lower than most of the monodentate phosphorus ligand systems (e.g. PPh 3 , 5000 mol [mol of Rh] -1 h -1 , 5% v/v in benzene, 0.5 mM Rh, PPh 3 /Rh ) 10, 90°C, 20 bar syngas; tris-(2-tert-butyl-4-methylphenyl) phosphite, 40 000 mol (mol of Rh) -1 h -1 , 20 mmol of oct-1-ene in 20 mL of toluene, 0.1 mM Rh, P/Rh ) 50 (P ) tris(2-tert-butyl-4-methylphenyl) phosphite), T ) 80°C), 4b but they react faster than other bidentate ligands (DPPE (DPPE ) 1,2-bis(diphenylphosphino)ethane), 100 mol (mol of Rh) -1 h -1 , n/b ) 1, 0.4 mM Rh, 12 DPPE/Rh ) 10, T ) 80°C, 20 bar CO/H 2 ; BISBI (BISBI ) 2,2′-bis(diphenylphosphinomethyl) (1,1′-biphenyl) ), 850 mol (mol of Rh) -1 h -1 , n/b ) 80, 1.78 mM Rh, BISBI/Rh ) 2.2, 10 bar, T ) 80°C , 0.01 mol of oct-1-ene 13 ). The rigid diphosphites react with equal (BISBI) or higher (DPPE) selectivity to the linear product. The catalysts with the flexible diphosphites react with rates and selectivities equal to those of the triphenylphosphine-modified system. 14 Hydrogenation of alkenes above the detection limit (0.1%) was not observed in any of the studied catalyst systems.
Comparison of diphosphites 6 and 7 with 1-5 and 8 and 9 suggests that the rigid and sterically demanding bridge between the phosphorus atoms is responsible for the high regioselectivity rather than the large substituents at the phosphorus atoms.
Styrene. In the hydroformylation of styrene with ligands 1-4 (Table 2 ), the reaction rates are generally a factor of 10 lower than those for oct-1-ene (average rates of ≈300 mol (mol of Rh) -1 h -1 , T ) 80°C, 20 mmol of styrene in 20 mL of toluene; around 50 mol (mol of Rh) -1 h -1 for T ) 40°C), and we obtained very low selectivities for the formation of the branched 2-phenylpropanal with the rigid diphosphites 1-4 and 8, the branched to normal ratio being almost 1. Lowering the reaction temperature did increase the formation of the branched aldehyde, but the regioselectivity remained moderate. Apparently, use of these diphosphites leads, as also found for oct-1-ene, toward an increase of the selectivity to the linear aldehydes. Thus, when higher temperatures were used, a large excess of the linear aldehydes was now observed; at a reaction temperature of 120°C, a selectivity of 84% for the linear phenylpropanal was found (hydrogenation not taken into account, the highest selectivity for the formation of 2-phenylpropanal reported so far is 70% 13, 15 ).
Due to its specific electronic properties styrene is known to show a natural preference for forming the branched (1-phenylethyl)rhodium compound and hence a high selectivity for the branched aldehyde. For bidentate ligands high b/n ratio's were often reported. 7, 16 However, application of the rigid diphosphites gives rise to a catalyst with a different selectivity. The pressureand temperature-dependent product distribution suggests that the branched rhodium complex, when formed, undergoes -H elimination and re-forms the starting alkene and hydridorhodium complex. From Lazzaroni's work 15 it is known that branched alkylrhodium intermediates are more sensitive toward -H elimination than the linear alkyl complexes; especially for styrene this difference in sensitivity is large. This is often suggested to be caused by the stabilization of an (η 3 -styryl)rhodium intermediate; 10b although these intermediates were already demonstrated for several metals, 17 it has not been until recently that the first (η 3 -styryl)rhodium complex was isolated. 18 Wink 16 argued that in his rhodium diphosphite systems η 3 -styryl species do not play a role, although he obtained high b/n ratios (97% branched aldehyde), which is in concert with the small size of the unsubstituted bisnaphthol diphosphites. As low CO pressures and high temperatures facilitate -H elimination, -H elimination eventually dominates hydroformylation of the branched alkylrhodium complex. Since formation of the linear (2-phenylethyl)-rhodium remains irreversible at low pressures and high temperatures, the product selectivity shifts toward the normal aldehyde as we indeed observed (see Table 2 ).
The use of diphosphites 6 and 7 with an aliphatic, flexible bridging chain as auxiliary ligands resulted in higher rates (3710 mol (mol of Rh) -1 h -1 for 6) and higher regioselectivities for the branched aldehydes: a branched to normal ratio up to 19 for the five-membered bridge (7). This is in agreement with the preference for the formation of the branched (1-phenylethyl)rhodium intermediate when there are no steric constraints.
Cyclohexene. When we tried to hydroformylate cyclohexene with the bulky diphosphite-modified catalyst, higher pressures were required to reach any conversion at all, but even under these conditions reaction rates remained very low (TOF ) 150 mol (mol of Rh) -1 h -1 , 1, T ) 80°C, P CO ) P H2 ) 40 bar). A bulky and monodentate ligand is required to obtain acceptable rates; e.g., with tris(2-tert-butyl-4-methylphenyl) phosphite as a ligand a rate of 512 mol (mol of Rh)
Kinetic Study. We decided to study the influence of the reaction parameters with one of the diphosphite ligands that gave a high selectivity for the linear aldehyde in the hydroformylation of oct-1-ene. We collected kinetic data for the reaction of the ligand 4 modified catalyst, and the results are given in Figures 1-3. As can be concluded from the plot of the ln(TOF) vs reaction time (Figure 1 ), the reaction is first order with respect to the oct-1-ene concentration. The rate constant shows almost no dependency on the H 2 pressure (≈0.2) ( Figure 2 ) and a clear negative order in the CO concentration. The order in CO showed to be -0.65 ( Figure 3 ). This suggests that the first step in the reaction cycle, the exchange of a CO ligand for a π-coordinated alkene, is rate-limiting. 19 These results are almost equal to the kinetic expression of the PPh 3 -modified catalyst. In this active hydridorhodium complex, at least two phosphine ligands are coordinated to the rhodium metal. Cavalieri d'Oro, 9a,b one of the few who studied the kinetics of the triphenylphosphine-modified hydroformylation of propene under real process conditions (i.e. 2-70 bar, 90-110°C), found that the reaction rate increased with increasing alkene concentration and observed a very low order in the dependencies on both the CO and H 2 concentration. This different order in CO concentration can be explained by the nature of the phosphorus ligands; in the triphenylphosphine system either a molecule of CO or a phosphine ligand can dissociate (depending on the amount of phosphine ligands coordinated) to allow the addition of the substrate. At higher CO pressures the reaction rate hardly decreases implying that a phosphine ligand is replaced by the alkene molecule. This is also supported by a negative order in the PPh 3 concentration. 20 As follows from the large negative order in the CO concentration in the diphosphitemodified system, a CO molecule dissociates after which the alkene can coordinate. In mononuclear systems with HRh(CO) 4 and HRh(CO) 3 P as the active catalysts, the rate expression for 1-alkenes is different from that for catalysts with diphosphites or PPh 3 . 4b,21 Here, a zeroth-order dependency in the substrate concentration and a first-order dependency with respect to the H 2 pressure were observed. This means that the ratelimiting step is now the reaction of the rhodium acyl complex with H 2 .
Another remarkable result of the diphosphite-modified catalyst is the decrease in selectivity for the linear nonanal at increasing CO pressure (see Table 3 ). The normal to branched ratio drops from 29 at P CO ) 5 bar to 4 at P CO ) 40 bar, while the isomerization decreases from 10% to 6%.
Isomerization of the alkene only occurs when -H elimination of the branched alkylrhodium compound takes place (see Scheme 1); -H elimination of the linear alkylrhodium species re-forms the 1-alkene. This -H elimination reaction, facilitated at low CO pressures, converts the branched alkylrhodium into 2-alkenes. Thus, at low pressures, a substantial amount of the branched alkylrhodium complex does not proceed to form the branched aldehydes and consequently (at incomplete conversions) the n/b ratio increases. However, the decreasing isomerization rate at high CO pressures cannot totally account for the loss of selectivity. The presence of rhodium complexes that contain only one or even no rhodium-phosphorus bonds can explain these results as such species are expected to react with low selectivity and high rate. In addition, the relatively high rate of these complexes compared to complexes with bidentate diphosphites can disturb the reaction kinetics.
Catalyst Characterization Experiments. Reactions of Rh(CO) 2 Acac. In order to identify the catalyst complex and the possible intermediates during its formation, we added 1 equiv of 4 to the Rh(CO) 2 Acac precursor. Immediately, one CO ligand is substituted with the least sterically hindered phosphorus atom (A) as is concluded from the upfield shift of its δ( 31 P) value (≈20 ppm) and its rhodium-phosphorus coupling constant of ≈296 Hz. The chemical shift of the noncoordinating phosphorus has changed very slightly compared to the free ligand, and the coupling constant between P 1 and P 2 equals that of the free diphosphite (6 Hz). In the IR spectrum, the two CO stretch vibrations of Rh(CO) 2 Acac (2080, 2012 cm -1 ) are replaced by one vibration at 2015 cm -1 . Data for several of these complexes are given in Table 4 .
For the nonsymmetric bulky diphosphites only after heating or evacuating the mixture, the second CO ligand is eventually substituted, resulting in a 31 P NMR spectrum that is characteristic of a square planar complex albeit with large coupling constants between the phosphorus atoms (see Table 4 ). This coupling constant is relatively high for a complex with the phosphorus ligands oriented in a cis fashion. The only reference we are aware of presents a lower value (70 Hz). 22 The IR spectrum shows no CO absorptions (complex B).
For complex RhAcac(4), an X-ray structure was determined (Figure 4 ; Tables 5, 6 ). The figure shows a square planar surrounded rhodium. The P(1)-Rh-P(2) angle of 97.5(1)°is large compared to the analogous triphenyl phosphite complex 23 (94.8(2)°) and demon- ) 10 bar, 20 mmol of 1-octene in 20 mL of toluene. strates the steric hindrance of the diphosphite. This enlarged P-Rh-P angle was previously observed for RhAcacP 2 , where P 2 ) bis(phenyl 3,3′,5,5′-tetra-tertbutyl-1′,1′-biphenyl-2,2′-diyl phosphite) (99.87(3)°). 24 The Rh-P distances (2.1549(9) and 2.1566(9) Å) and the Rh-O distances (2.070(2) and 2.074(2) Å) in the above mentioned bis(phosphite)-derived complex are similar to those in RhAcac(4) (Rh-P (1) (4) at the 50% probability level. Hydrogen atoms and the minor disorder contribution were left out for clarity. In RhAcac(4) a very large angle of 140.8(6)°was determined for P(2)-O(6)-C(32), possibly meaning that steric hindrance has led to distortions within the diphosphite. Triphenylphosphine exclusively yields monophosphine complexes when reacted with Rh(Acac)-(CO) 2 , even when a large excess of phosphine is used. 26 The chelating effect on coordination of the two phosphorus atoms and the high π-acidity, leading to formation of strong coordination bonds, might explain that the complex is formed despite the large steric hindrance of the diphosphite. It also clarifies the extreme conditions required to substitute the second CO ligand of Rh-(CO) 2 Acac. One of the tert-butyl groups is disordered (C(38)-C(41). The symmetric diphosphites give rise to chelating coordination immediately upon mixing or after stirring for several minutes. For some of the diphosphites a side product is obtained that has both phosphorus atoms coordinated to the rhodium center and that still shows a CO vibration. These types of complexes, containing a 5-coordinated rhodium center, were previously described by Buisman et al. 7c, d When performing the same experiment under syngas pressure (in a high-pressure NMR tube, P ) 12 bar, 1:1 CO/H 2 ), we also see formation of A, but after heating of the mixture, a complex of type B is not observed; the 31 P-NMR spectrum now shows two 31 P signals with two different Rh-P coupling constants (243, 226 Hz) indicative of two coordinating phosphorus atoms (see Figure  5 ) and a TBP surrounding of the rhodium. In the hydride region of the 1 H NMR a second-order multiplet is observed (Figure 6 ). Repeating this experiment with 5 equiv of 4 resulted in formation of a mixture of 1 equiv of the diphosphite complex and 4 equiv of the free ligand.
We followed this reaction with in-situ infrared spectroscopy. After mixing of the diphosphite with the Rh-(CO) 2 Acac precursor, instantaneously A was observed. After pressurization of the mixture with 10 bar of syngas, a large amount of Rh(CO) 2 Acac was re-formed, of which the CO vibrations disappeared on the appearance of two new vibrations in the carbonyl region. These IR and NMR data point toward a five-coordinated Rh(I) complex as the final complex containing a hydrido ligand and the diphosphite coordinated in a bidentate way. The reported formation of dimeric bimetallic species at higher temperatures 11 was not observed under our conditions. No infrared signals in the bridging CO region (1800-1900 cm -1 ) could be detected, and both 31 P and 1 H NMR showed only the signals that could be assigned to the monomeric rhodium hydride complex.
The active catalyst complex that appeared to be quite air stable was prepared in the autoclave (see Experimental Section) and was characterized under air. Complexes with the other diphosphites were prepared in this way, and the obtained spectroscopic data are shown in Tables 7 and 8 . For some of the hydridorhodium complexes 103 Rh NMR was measured as well, and these data confirmed that each Rh center is coordinated to two phosphorus atoms.
Hydridorhodium Complexes of Nonsymmetric Diphosphites. Simulation of the NMR data showed that the complicated spectra obtained with the nonsymmetric diphosphites 1-5 are caused by two phosphorus atoms that have accidentally almost equal chemical shifts, although they are chemically inequivalent. nor a trans relation of the phosphorus atoms toward the hydrido ligand. 27 In Table 7 it is also shown that, going from 1 and 5, the difference in the chemical shift between the phosphorus atoms increases. For 1 and 4 we have prepared the catalyst complexes with 13 CO. The HRh(1)( 13 CO) 2 spectrum shows two virtual double triplets in the carbonyl region. J RhC1 ) 53 Hz and J RhC2 ) 67.5 Hz (|J PC1 | ) 8 Hz, |J PC2 | ) 42 Hz) . From the 31 P NMR data it was concluded that, in this ligand, of all nonsymmetric ones, the phosphorus atoms have the smallest difference in chemical shift (<0.1 ppm). Thus, the two phosphorus-carbon coupling constants give rise to virtual triplets. On the contrary, HRh(4)( 13 CO) 2 shows a first-order 13 C spectrum with two different CO ligands coupled by two unidentical phosphorus atoms. In the simulated 31 P NMR spectrum the difference in chemical shift is 0.7 ppm. From these data it becomes clear that in these complexes the CO ligands do not exchange their positions. Most likely, on the NMR time scale the phosphorus ligands retain their positions as well.
IR spectra of the complexes that could be obtained as powders were measured as Nujol mulls (see for IR data Table 8 ). It was found that three absorptions were present in the CO-stretching region instead of two observed with IR in solution. Upon measurement of DRh(CO) 2 (4), only two absorptions remained (2058, 2012 cm -1 ), which were shifted compared to HRh(CO) 2 -(4) (2035, 1998, 1990 cm -1 ). This implies that the three frequencies in the hydrido complex are combinations of two CO ligands and one hydrido ligand. The rhodiumhydride vibration disappears upon deuterating the complex as the rhodium-deuteride vibration is situated in the fingerprint region. The large frequency shift of the highest energy absorption is indicative of a trans hydrido-CO relation. 28 In solution IR, the rhodium hydride vibration and the lowest energy CO vibration overlap resulting in two absorptions. Combining the spectroscopic experiments, we can conclude that the catalyst complex contains a chelating diphosphite, a hydrido ligand, and two CO ligands coordinated to the rhodium center. Although the coupling constants of the phosphorus atoms with the hydrido ligand do not lead to straightforward conclusions, from IR spectroscopy and the nearly identical 31 P chemical shifts and phosphorus-rhodium coupling constants, which indicated two nearly identical phosphorus atoms, we assume that the diphosphite is bisequatorially coordinated (ee) and the complex has structure C. This structure is confirmed by the X-ray determination of HRh(CO) 2 (4) 29 (11) (Tables 5, 9, 10; Figure 7 ). The crystal structure shows a distorted TBP geometry around the rhodium with both the phosphorus atoms in equatorial positions. The P(1)-Rh-P(2) angle is 115.95(9)°. The hydrido ligand could not be found. One CO ligand is situated equatorially, and the other CO molecule and the hydrido ligand occupy axial positions. The angles of the phosphorus atoms with the axial CO are 92.1(3)°for P(1)-Rh-C and 104.2(3)°for P(2)-Rh-C, meaning that CO(ax) deviates from the molecular axis. The rhodium atom is situated out of the equatorial plane (0.395(1) Å), having moved somewhat toward the axial CO ligand. This distortion explains the relatively high hydrogen-phosphorus coupling constants that were determined by simulation of the NMR spectra; apparently the H-Rh-P angles are larger than 90°r esulting in larger coupling constants than expected for (27) a complex with the phosphites in a pure cis arrangement. Alternatively, the complex can be seen as having a distorted tetrahedral geometry with the hydrido ligand on one of the faces. The Rh-C-O angles show a slight deviation from 180°(174.2 and 176.4°). The dihedral angles of the diphenyl rings are 60.6(4)°for C(29)-C(34) with C(35)-C(40) and 61.9(4)°for C(1)-C(6) with C(7)-C(12), respectively. One of the tert-butyl substituents (C(17), C(18), C(19), C (20)) is disordered. This is the first crystal structure of a hydridorhodium diphosphite complex reported to our knowledge. In the square planar complex derived from 4, RhAcac(4), the Rh-P distances (2.134(3) and 2.170(3) Å) are shorter than those in 11 (2.239(3) and 2.255(3) Å).
The crystal structure of 11 shows much similarities with those of the recently crystallographically analyzed Ir(BISBI)(CO) 2 H and HRh(CO)(PPh 3 )(BISBI) (BISBI ) 2,2′-bis(diphenylphosphinomethyl)(1,1′-biphenyl)) reported by Casey et al. 2a Except for the oxygen vs carbon atom, BISBI and 4 have similar bridges between both phosphorus atoms. The hydroformylation of hex-1-ene with the rhodium catalyst derived from BISBI yields a normal to branched ratio of 50, which was also ascribed to bisequatorial coordination of the diphosphine according to the authors. The Rh-P distances (2.285 (1) and 2.318(1) Å) of HRh(CO)(PPh 3 )(BISBI) are similar to the Rh-P distances (2.239(3) and 2.255(3) Å) of 11, and the P-Rh-P angle is 124.8(1)°, which is larger than that of 11, despite the sterically more demanding and also equatorially coordinating triphenylphosphine ligand. In the Ir complex the P-Ir-P angle is 117.9(1)°, more similar to the P-Rh-P angle of 11. Complex 11 has a more distorted structure than the BISBI compounds indicative of more steric crowding.
The ee coordination of BISBI to the rhodium follows from a natural bite angle of approximately 120°. In order to obtain high regioselectivities ee coordination and hence a 120°bite angle is required. The structure of 11 confirms this suggestion.
Hydridorhodium Complexes of Symmetric Diphosphites. The symmetric diphosphites 6-9 all give rise to hydridorhodium complexes that show clear firstorder spectra in which the phosphorus atoms are equivalent on the NMR time scale at room temperature. The hydridorhodium complexes derived from 7-9 show very small P-H coupling constants (4-9 Hz) indicative of ee-coordinated complexes. On cooling of HRh(CO) 2 -(8), the phosphorus atoms lose their time averaged equivalence, and at T ) 205 K the slow exchange situation is reached, resulting in a strongly coupled NMR spectrum ( 31 P NMR δ (ppm) 177.3, 175.4, J RhP1 ) 238, J RhP2 ) 232, J PP ) 205 Hz (acetone-d 6 )). However, the P-H coupling constant remains small (not detectable as a consequence of broadening of signals at low temperatures). The existence of two inequivalent phosphorus atoms can be explained by hindered rotation of the bridge between the phosphorus atoms. The two aromatic rings can rotate freely at higher temperatures, which results in two equivalent phosphorus atoms. At low temperatures this process is slowed down and the two P's become inequivalent on the NMR time scale. The room-temperature 13 C NMR spectrum of the 13 CO derived hydridorhodium complex of 8 gives rise to a double triplet in accordance with two equivalent phosphorus atoms and two equivalent CO ligands meaning that here the CO ligands are in fast exchange.
The hydridorhodium complex of diphosphite 7 does not form easily, and the precursor requires 8 h instead of 3 h under syngas pressure. Diphosphite 6 forms the HRh(CO) 2 (6) complex very slowly as well (8 h required), and the reaction is accompanied with much decomposition as is shown by signals at ≈10 ppm in the 31 P NMR, originating from H-phosphonates formed by hydrolysis. The structure of this hydrido complex is different, because, in this complex, the phosphorus atoms are equatorially axially (ea) coordinated as was concluded from NMR at low temperatures. At room temperature the phosphorus atoms are in fast exchange resulting in one doublet caused by the coupling with the rhodium center. The 1 H NMR hydride region contains a virtual double triplet with a phosphorus hydride coupling constant of 72 Hz. We were not able to reach the slowexchange region by cooling, but in the 1 H NMR at 200 K we did observe a broad doublet (J PH ) 180 Hz; the signal is too broad to observe other couplings, ∆ν 1/2 ) 15 Hz) indicative of a trans relation of one phosphorus atom toward the hydrido ligand. We reacted HRh(CO)-(PPh 3 ) 3 with 6 in order to prepare a more stable hydrido-rhodium complex, 2a HRh(CO)(PPh 3 )(6) (see Experimental Section). Indeed a stable complex was obtained, and from the coupling constants of the hydrido ligand of 6 with the phosphorus atom from the PPh 3 ligand (13 Hz) and different couplings constant of the Figure 7 . ORTEP plot of 11 at the 30% probability level. Hydrogen atoms and the minor disorder contribution were left out for clarity. hydrido with the phosphorus atoms of 6 it became clear that also in this complex diphosphite 6 is ea coordinated. Likewise, in HRh(CO)(PPh 3 )(4) the diphosphite was found to coordinate in an ee way as in the dicarbonyl complexes (small hydrogen-phosphorus coupling constants: 20, 9, 4 Hz).
It appears that at room temperature in the eecoordinated complexes of the nonsymmetric diphosphites the phosphorus atoms and the CO ligands retain their positions in the TBP surrounding rhodium (on the NMR time scale), while the ea complexes easily undergo structural isomerization, as in the HRh(CO) 2 (6) compound and several analogous complexes published by Buisman. 7c,d From his work it was concluded that ligands with a preference for ea coordination always lead to more fluxional complexes than those leading to ee coordination, even if these ea ligands are more rigid; ea diphosphite complexes are intrinsically more fluxional. This can be explained by the flexibility of the ligands, i.e. the feasible P-Rh-P angles, upon coordination.
Isomerization can occur via two mechanisms. The pseudo Berry rotation 30 requires a square-pyramidal structure as intermediate. Meakin 31 described an exchange process which involves a tetrahedral surrounding of the metal. The flexible ea-coordinating diphosphites may be able to coordinate with varying P-Rh-P angles, giving rise to fast exchange, while the diphosphites with rigid biphenyl backbones show less flexibility.
Structure-Selectivity Relationships. In this last section we will try to explain the catalyst behavior in relation to the structural information obtained. First we have to ascertain that under the highly diluted conditions of the catalytic experiments the same hydrido species are formed that we observed with NMR and IR spectroscopy. From the work of Jongsma 32 on the bulky monophosphite tris(2-tert-butyl-4-methylphenyl) phos- (1) 0.12871 ( phite and the present results we learned that the equilibria in Scheme 2 exist in the catalyst system. Although neither A nor B has been detected during the formation of the active catalyst, Jongsma found that a 10-fold amount of bulky phosphite tris(2-tert-butylphenyl) phosphite was required to reach a total conversion of Rh(COD)Acac to the active complex HRh(CO) 3 P (P ) tris(2-tert-butylphenyl) phosphite) although only one phosphorus ligand can coordinate to the rhodium center.
The results of our in-situ infrared study are comparable to those of Jongsma, 32 and therefore, we also added a 10-fold amount of diphosphite to be certain that the same species is formed. Further addition of diphosphites does not increase the rate any further, and we conclude that all rhodium is converted to HRh(CO) 2 -(diphosphite) (results not shown).
We conclude from the X-ray structure of HRh(CO) 2 -(4) that the metal center is very crowded. As a consequence, there is little space for the incoming substrate. Unsubstituted 1-alkenes are the least sterically hindered and add to the metal most easily, followed by respectively 2-substituted 1-alkenes and internal alkenes. Upon migration of the hydride the steric interactions can be most efficiently diminished by the formation of a linear alkyl-rhodium intermediate. From the present results we cannot distinguish whether π-coordination or hydride migration or a combination thereof determines the regioselectivity, but the overall result remains the same. Viewed in that light we can understand our observations in both the hydroformylation of oct-1-ene and styrene. For oct-1-ene as the substrate a high product linearity will be obtained. For styrene, using the first type of ligands (1-5, 8, 9) , ee coordinating and rigid, a reversed product selectivity, viz. an excess of linear phenylpropanal, can be obtained. The formation of the branched (1-phenylethyl)rhodium compound is now suppressed resulting in an increase in the formation of the linear aldehydes. At mild conditions the observed regioselectivity is low. This enlarged preference for 3-phenylpropanal can be exploited by the variation of reaction conditions. At higher temperatures and/or low CO pressures the rate of -H elimination increases and eventually dominates the hydroformylation reaction. -H elimination nearly exclusively occurs for the secondary (1-phenylethyl)-rhodium complex and prevents the formation of the branched aldehyde. The linear 2-phenylethyl, however, is almost irreversably formed and can complete the reaction cycle. Thus a higher n/b ratio is obtained.
In the second type of systems, in which an eacoordinating (6) or a flexible (7) diphosphite is used, sufficient space is available for the substrate to form linear as well as branched alkylrhodium intermediates which results in high rates but low selectivities for oct-1-ene. These results are similar to those of the system containing DPPE which can only coordinate in an ea fashion.
Conclusions
In the hydroformylation of oct-1-ene the rhodium catalysts modified by the rigid diphosphites 1-5, 8 and 9 give high rates and selectivities. The high regioselectivity is caused by steric repulsion of the diphosphites that coordinate bisequatorially to the rhodium center. The kinetics of the catalyst derived from Rh(CO) 2 Acac and 4 resemble those of the extensively studied PPh 3 system. 9 The flexible diphosphites 6 and 7 do not give satisfying results in the hydroformylation of oct-1-ene. Although rates are comparable with PPh 3 (the latter not added in large excess), the selectivity to normal aldehydes is moderate.
For styrene the selectivity can be directed to the formation of the linear or the branched aldehyde depending on the reaction conditions. The rigid diphosphites applied at high temperatures and low CO pressures give rise to a catalyst that forms the normal aldehydes in excess. When an ea-coordinating or a flexible diphosphite is used at low reaction temperatures, the catalyst favors formation of the branched 2-phenylpropanal.
Experimental Section
General Methods. All operations were performed under argon by standard Schlenk techniques. Solvents were distilled from sodium/benzophenone before use. NMR spectra were recorded on a Bruker AC-100 spectrometer ( 1 H, 103 Rh (measured via reverse 2D NMR) or a Bruker AMX-300 spectrometer ( 1 H, 13 C, 31 P, 31 P[ 1 H]), and chemical shifts were reported referenced to tetramethylsilane and H 3PO4, respectively. Infrared spectra were recorded on a Nicolet 510 FT-IR spectrophotometer. Mass spectroscopic data were obtained with the JEOL JMS SX/SX102A four-sector mass spectrometer, coupled to a JEOL MS-MP7000 data system. Gas-liquid chromatography analyses were done using a DB-1 column and a Carlo Erba GC 6000 Vega Series 2 chromatograph. The compounds 1-5 were prepared by a published method. 5a Rh-(CO) 2(pentane-2,4-dionate) was purchased from Johnson Matthey, triphenyl phosphite was purchased from Aldrich, and both were used as received. Column chromatography was performed with silica gel 60 230-400 mesh obtained from Merck. Syngas 3.0, CO 3.0, and H 2 5.0 were purchased from Praxair. Hydroformylation experiments were performed using Rh(CO) 2(pentane-2,4-dionate) and diphosphite as catalyst precursor in a stainless steel 316 autoclave, equipped with a magnetic stirring bar, a pressure transducer, a thermocouple, and a sampling device. Decane was used as the internal standard.
The autoclave, charged with solvent and catalyst precursor, was brought under pressure and heated to the reaction temperature. Upon addition of the substrate and the internal standard, the reaction started immediately. During the reaction, several samples were taken, quenched with P(OPh 3) to deactivate the catalyst and analyzed by GLC.
The in-situ infrared experiment was performed in an SS 316 55 mL autoclave equipped with IRTRAN windows and a mechanical stirrer. Rh(CO) 2Acac (10 mg, 3.88 × 10 -6 mol) and 4 (0.042 g, 3.88 × 10 -6 mol) were dissolved in 15 mL of cyclohexane. After pressurizing and heating of the mixture, the autoclave was placed in the infrared spectrometer, and while the samples were stirred, the infrared spectra were recorded.
Scheme 2. Proposed Equilibrium for the Catalyst Precursors at High CO/H 2 Pressures
Crystallization of Rh(Acac)(4). Rh(Acac)(4) was prepared as Rh(Acac)(1) and precipitated from MeOH. Dark yellow crystals were obtained from a pentane/EtOH solution.
X-ray Structure Determination of Rh(Acac)(4). A yellow crystal with approximate dimensions 0.15 × 0.40 × 0.45 mm was used for data collection of an Enraf-Nonius CAD-4 diffractometer with graphite-monochromated Cu KR radiation in ω-2θ scan mode. A total of 14 136 unique reflections were measured within the range 0 e h e 20, -22 e k e 22, -16 e l e 15; of these, 9433 were above the significance level of 2.5σ-(I). The maximum value of (sin θ)/λ was 0.59 Å -1 . Two reference reflections (11 h0, 011 h) were measured hourly and showed 8% decrease during the 172 h collecting time, which was corrected for. Unit-cell parameters were refined by a least-squares fitting procedure using 23 reflections with 80 < 2θ < 84°. Corrections for Lorentz and polarization effects were applied. The structure was solved by the PATTY/ORIENT/ PHASEX option of the DIRDIF94 program system. 32a After isotropic refinement one of the tert-butyl groups (C(38)-C(41)) had rather high temperature factors. It was possible to distribute the three methyl groups (C(39)-C(41)) into two halfoccupied positions which remained isotropic during the entire refinement. A ∆F synthesis revealed 9 peaks which were interpreted as being three molecules of ethanol, one of the solvents used during crystallization. During refinement of these solvent molecules it became apparent that their occupancy factors should be lower than 1.0; a value of 0.5 was taken for all three solvent molecules. No attempts were made to determine the hydrogen atoms of the solvent molecules. All hydrogen atom positions were calculated. Full-matrix leastsquares refinement on F, anisotropic for the non-hydrogen atoms and isotropic for the hydrogen atoms restraining the latter in such a way that the distance to their carrier remained constant at approximately 1.0 Å and keeping their temperature factors fixed at U ) 0.15 Å 2 (the hydrogen atoms of the disordered tert-butyl group were kept entirely fixed at their calculated positions), converged to R ) 0.087, R w ) 0.116, (∆/ σ) max ) 0.95, and S ) 1.04. A weighting scheme w ) [6.2 + 0.0129(σ(F o)) 2 + 0.0002/(σ(Fo))] -1 was used. An empirical absorption correction (DIFABS 34 ) was applied, with corrections in the range 0.62-1.67. A final difference Fourier map revealed residual electron density between -1.4 and 1.3 e Å -3 in the vicinity of the heavy atoms. Scattering factors were taken from Cromer and Mann. 35a The anomalous scattering of Rh, Cl, and P was taken into account. 35b All calculations were performed with XTAL 36 unless stated otherwise. In Table 5 these data are listed. Final atomic coordinates and equivalent isotropic thermal parameters are part of the supplementary data which have been deposited at the Cambridge Crystallographic Data Centre.
Crystallization of 11. Colorless crystals were obtained by dissolving 10 mg of Rh(CO) 2Acac and 44 mg of 4 in 2 mL of benzene, bringing the autoclave with its contents at 10 bar to 60°C, releasing the pressure after 3 h, and, when most of the solvent and the obtained Hacac were evaporated, cooling the autoclave. Mp: dec >180°C. FD MS: m/e 1236, [M + -2CO -H].
X-ray Structure Determination of 11. Crystal data and details on data collection and refinement are presented in Table 7 . Final atomic coordinates and equivalent isotropic thermal parameters are listed in Table 9 .
A transparent, colorless crystal was mounted on a Lindemann glass capillary and transferred into the cold nitrogen stream on an Enraf-Nonius CAD4-T diffractometer on a rotating anode. Accurate unit-cell parameters and an orientation matrix were determined from the setting angles of 25 reflections (SET4). 37 Reduced-cell calculations did not indicate higher lattice symmetry. 38 Data were corrected for Lp effects and showed no decay for the three periodically measured reference reflections. An empirical absorption/extinction correction was applied (DIFABS 34 as implemented in PLATON 39 ). The structure was solved by automated Patterson methods and subsequent difference Fourier techniques (DIRDIF-92). 33b Refinement on F 2 was carried out by full-matrix least-squares techniques (SHELXL-93); 40 no observance criterium was applied during refinement. A disorder model is refined for one of the tert-butyl groups (C(18), C(19), C(20)). All non-hydrogen atoms were refined with anisotropic thermal parameters except for the disordered tert-butyl group. Hydrogen atoms were refined with a fixed isotropic thermal parameter amounting to 1.5 or 1.2 times the value of the equivalent isotropic thermal parameter of their carrier atoms, for the methyl hydrogen atoms and the other hydrogen atoms, respectively. On an enhanced difference map a plausible electron density was located for the hydrido atom. It was, however, not possible to refine it freely. The hydrido was placed at the initial position and not refined. It must be stressed that with this crystal structure determination it is not possible to give any certainty about either the presence or the position of the hydrido. Weights were optimized in the final refinement cycles. The structure contains a small void of 33 Å (at 0.099, 0.214, 0.544); however, no significant residual density was found in that area (PLATON/SQUEEZE). 41 Neutral atom scattering factors and anomalous dispersion corrections were taken from ref 42. Geometrical calculations and the ORTEP illustration were performed with PLATON; 39 all calculations were performed on a DEC5000/125.
